Abstract-Employing a cleavable carbohydrate-peptide linker, a new strategy for single-bead analysis of multivalent cyclic neoglycopeptides based on Edman degradation is described. Edman degradation of glycopeptides is hampered by the acid lability of the glycosidic bond and potential incompatibilities of phenylthiohydantoin (PTH) derivatives of glycosylated amino acids with PTH derivatives of the proteinogenic amino acids. To overcome this problem, carbohydrates are detached from the cyclopeptide templates before single-bead analysis, allowing for micro sequencing under routine conditions. With this strategy, application of multivalent cyclic neoglycopeptides in split-mix libraries with a subsequent screening process becomes possible for the first time.
Conformationally restricted cyclic peptides are frequently employed as templates for the spatially defined presentation of pharmacophores 1 or whole peptide domains. 2 Cyclic peptides carrying several copies of a carbohydrate ligand are of great interest as potential multivalent lectin ligands. 3, 4 In particular, the influence of the spatial presentation of carbohydrates on lectin mediated signal transduction processes is subject of current research in the area of glycobiology. 5 The screening of one-bead one-compound libraries 6 of cyclic glycopeptides obtained by the split-mix protocol, 7 however, has not yet been described.
Recently, we reported the efficient convergent synthesis of split-mix libraries of cyclic neoglycopeptides of type 1. 4 Here we present a strategy for the direct analysis of these compounds bound to single resin beads. Together, these techniques make it possible for split-mix libraries of type 1 to be applied in a screening process. 8 Side-chain cyclized neoglycopeptide 5 (Scheme 1) which after deacetylation is a potential trivalent lectin ligand served as a model compound for our analytical strategy. It was obtained by convergent solid-phase synthesis 4 on aminoethyl TentaGel via intermediates 2 and 3. The carbohydrates were attached to side-chain amino groups of 3 via urethane formation by treatment with active carbonate 4 in the presence of Hü nig's base (DIEA). Quantitative derivatization was ensured by monitoring the coupling progress with bromophenol blue 9 after having thoroughly washed the resin with N,N-dimethylformamide (DMF).
Identification of active members of one-bead one-compound libraries is based on the analysis of the minute amounts of substances bound to single resin beads (typically <200 pmol).
10 Direct analysis of synthetic products is generally advantageous over indirect coding strategies because failed/side reactions can be moni- tored. Whereas automated single-bead Edman sequencing of peptides is well established, 11 two problems arise during the analysis of glycopeptides. On one hand, for each glycosylated amino acid the corresponding phenylthiohydantoin (PTH) derivative has to be synthesized and its compatibility with the other PTH amino acids verified. On the other hand, the glycosidic bond is not stable under the strongly acidic conditions which leads to several PTH derivatives and, therefore, complicates the assignment and reduces the sensitivity. 12 The encoded ladder synthesis reported by Meldal et al. 13 to analyze libraries of linear glycopeptides is the only published method for the single-bead analysis of glycopeptides so far. However, this method is not suited for cyclic glycopeptides because the conformationally restricted target compounds would be 'diluted' by substantial amounts of linear fragments.
Our strategy for single-bead analysis of multivalent cyclic neoglycopeptides is based on the use of a cleavable linker between the carbohydrates and the cyclopeptide scaffold. With this setup it is possible to remove the carbohydrates after a screening process and sequencing is confined to the amino acids used for attachment of the sugars the quantitative derivatization of which can be secured as described above. In compound 5 the temporary attachment is realized by the but-2-en-1-yloxycarbonyl linker, representing a modified Aloc protecting group. Treatment of 5 with [Pd(PPh 3 ) 4 ] and morpholine leads back to non-modified 3.
As a reference, micro sequencing was first carried out with 3 before attachment of the sugars. To this end the N-terminus of 3 was deprotected with TFA/CH 2 Cl 2 (Scheme 2). Subsequently, a single resin bead of 6 was analyzed with an ABI 473A protein sequencer. Figure 1A shows the HPLC diagrams of each degradation step. As expected, no peak characteristic for Lys was found in the first step since the PTH derivative of Lys is connected to the solid support via its side chain (8) . Only in the case of an incomplete cyclization during library synthesis (23), a signal is expected in this step, representing a cyclization control. Also incomplete deprotection of the Aloc group in 2 as a reason for a failed cyclization is detectable as could be shown by micro sequencing of linear 2 after Boc deprotection (retention time of PTHLys(Aloc): 6.0 min, cf. Fig. 1B ). Further sequencing of 8 (Fig. 1A , steps 2-7) then unambiguously gave the sequence of 3.
In comparison, Figure 1C shows the result of micro sequencing of 5 after deprotectin with TFA/CH 2 Cl 2 . Clearly visible are each multiple peaks for the carbohydrate-modified amino acids D-Dab, Dpr, and D-Lys in step 3, 5, and 6, respectively, and at the same time complete absence of the non-modified diamino acids. Scheme 1. Temporary attachment of GlcNAc residues to cyclic peptide 3 (All=allyl, Aloc=allyloxycarbonyl, Bal=b-alanine, Dab=2,4-diaminobutyric acid, Ddv=1-(4,4-dimethyl-2,6-dioxocyclohexylidene)isovaleryl, DIEA=diisopropylethyl-amine, Dpr=2,3-diaminopropionic acid, HBTU=O-benzotriazol-1-yl-N,N,N%,N%-tetramethyluronium hexafluorophosphate, HOBt=1-hydroxybenzotriazole).
Scheme 2.
Edman degradation of side-chain cyclized peptide 3 (But=butyryl).
After removal of the carbohydrates in 5 with [Pd(PPh 3 ) 4 ] and morpholine, the sequencing result of 3 thus obtained was virtually identical to the result shown in Figure 1A . This demonstrates that both the attach-ment and the removal of the carbohydrates proceeded completely.
Whereas the retention times of PTH-D-Dab and PTH-Dpr are clearly distinguishable from those of the PTH derivatives of the natural amino acids, the PTHDpr signal overlaps with that of diphenylthiourea (DPTU) making its detection in small amounts difficult. Separation of both peaks by varying the HPLC gradient was not possible without overlap of other amino acids. Therefore, 3 was treated with different capping reagents before sequencing in order to optimize the retention time of PTH-Dpr (and thus also of PTH-D-Dab and PTH-D-Lys). The best result was obtained with butyric acid anhydride (But 2 O) (37, Scheme 2) leading to a shift of the PTH diamino acid signals in the less crowded region between 15 and 20 min (Fig. 1D ). With this modification single-bead sequencing of the peptide is easily accomplished.
14 In summary, we have described a new strategy for single-bead analysis of multivalent cyclic neoglycopeptides which allows application of these compounds in split-mix libraries with subsequent screening process for the first time. The use of a cleavable carbohydrate-peptide linker enables Edman sequencing under routine conditions regardless of the used carbohydrate derivative. In contrast to coding strategies, Edman sequencing allows control of the critical cyclization step as well as detection of failed couplings. In addition, the occurrence of linear peptide fragments is avoided. The concept of temporary attachment is not confined to carbohydrates but can be applied to any other amino-acid modification. 
